Dry etching of lead zirconate titanate ͑PZT͒ thin film and Pt/PZT stack structure was investigated using a TiO 2 hard mask in an inductively coupled plasma ͑ICP͒. An annealed TiO 2 thin film was employed as an etch mask for PZT and Pt/PZT stack etching. Etch characteristics of PZT thin films were examined with Cl 2 /O 2 /Ar etch chemistry in terms of the etch rate, the etch selectivity, and the etch profile. The etch selectivity of the PZT film to the TiO 2 mask was in the range of one to five at the etch conditions used in this study. It was found that the etch selectivity of the PZT film to the TiO 2 mask was strongly affected by the ratio of O 2 to Cl 2 concentration. An X-ray photoelectron spectroscopy study revealed that the O 2 gas played an important role in obtaining high selectivity of PZT/TiO 2 films. Finally, the pattern transfer of Pt/PZT stack structure with the submicrometer dimension was achieved using a TiO 2 hard mask. The research and development of high density ferroelectric random access memory ͑FeRAM͒ has been launched for nonvolatile memory applications since the mid-1990s.
The research and development of high density ferroelectric random access memory ͑FeRAM͒ has been launched for nonvolatile memory applications since the mid-1990s. 1 For the integration of high density FeRAM devices, sequential etching of the electrode and the ferroelectric film using a single mask must be employed. 2 In addition, the single mask etching process of the electrode/ ferroelectric structure can be applied to the realization of metal ferroelectric semiconductor field effect transistors ͑MFSFET͒ for single transistor memory applications. 3 The etching of Pt thin films using a photoresist mask generally causes either the redeposition of etch products on the sidewall of the etched films or a shallow sidewall angle of the patterned films. 4, 5 The PZT etching using a photoresist mask can yield a clean etch profile with steep sidewall angle. 6 When a Pt/PZT stack structure is etched using a single photoresist mask, the final etch profile exhibits either (i) a shallow sidewall angle (Ͻ40°) due to the etch profile of Pt films in the first step of Pt/PZT stack etching or (ii) a steep sidewall angle with thick redeposition along the etched sidewall.
Therefore, for the integration of high density FeRAM, the anisotropic etching of a Pt/PZT stack structure must be developed by improving the sidewall angle of etched films without redeposition or residue. Recently, etching studies of Pt films using various hard masks were reported. [7] [8] [9] In particular, the steep sidewall angle (70-80°) of etched Pt films was obtained using a hard mask with a chlorine-based gas mix. 10 One-step etching of Pt/PZT/Pt capacitors using a tungsten ͑W͒ mask was performed 11 and Ar gas and CF 4 /Ar gas mixture were used for Pt and PZT etching, respectively. However, a thorough study of PZT etching using a hard mask has not been reported up to now. Therefore, in this study, the PZT thin-film etching using a TiO 2 hard mask was studied with Cl 2 /O 2 /Ar gas mix in an inductively coupled plasma ͑ICP͒. In addition, a single mask etching of Pt/PZT stack structure was attempted using a TiO 2 hard mask for a clean etch profile and a steep sidewall angle.
Experimental
Various etch samples were prepared to investigate the etch rates of PZT film and TiO 2 hard mask and the etch profiles of PZT films. For the etch profile study of PZT films, 200 nm thick PZT films were spin-coated onto Pt/Ti coated thermally oxidized Si wafers by chemical solution deposition technique. As a top electrode, Pt films ͑150 nm͒ were deposited by dc magnetron sputtering on it. TiO 2 thin films, 200 nm in thickness, were then deposited by reactive sputtering onto the Pt/PZT/Pt/Ti-coated wafers. Following this deposition, the TiO 2 films were annealed at 500°C for 30 min in O 2 ambient because the crystallized TiO 2 films exhibited a slow etch rate. After this procedure, the TiO 2 films were patterned with a photoresist mask and dry etched. Finally, the photoresist mask was stripped off by O 2 plasma ashing and the top Pt electrodes were etched at the optimized condition, 10 being ready for PZT etch profile study. On the other hand, the photoresist-masked PZT films were prepared to measure the PZT etch rate. For the TiO 2 etch samples, the blanket TiO 2 films were deposited on Pt/Ti-coated Si wafers and then crystallized by annealing at 500°C for 30 min in O 2 ambient. The samples were then patterned with a photoresist mask.
The dry etching of PZT thin films was carried out using a TiO 2 hard mask with Cl 2 /O 2 /Ar gas chemistry in a high density ICP system which was described in a previous report. 6 The etch rates of PZT and TiO 2 films were investigated as a function of the O 2 and Cl 2 concentrations. A Dektak surface profilometer and Nanospec were used to measure the etch rates. The etch profiles of Pt/PZT films were observed by field emission scanning electron microscopy ͑FESEM͒. X-ray photoelectron spectroscopy ͑XPS͒ analysis was performed for the understanding of etch mechanism of PZT and TiO 2 films in Cl 2 /O 2 /Ar plasma.
Results and Discussion
The dry etch behaviors of PZT thin films were studied by using a TiO 2 mask in an inductively coupled plasma. X-ray diffraction ͑XRD͒ analysis showed that the annealed TiO 2 film as an etch mask was present mainly in the rutile phase. The etch rates of the PZT film and the TiO 2 mask were measured as a function of O 2 and Cl 2 concentrations with Cl 2 /O 2 /Ar gas mix. Figure 1 shows the effect of O 2 concentration on the etch rates of the PZT film and the TiO 2 mask at a constant Cl 2 concentration of 20%. As the O 2 concentration increases, the etch rates of PZT film and the TiO 2 mask decline rapidly at an initial stage and remain constant. For the case of PZT etching, it is considered that the decrease in the etch rate is caused by the decrease of the formation of chemical compounds due to the decreased Cl 2 concentration and/or the reduced sputtering to PZT by the incident ions due to the increased O 2 concentration in the gas mix. For the TiO 2 film, it is conceivable that the film surface of a TiO 2 mask becomes O 2 rich by adding O 2 gas, thereby making the formation of chlorine compounds difficult. As a result, the maxi-mum etch selectivity of PZT film to the TiO 2 mask was found at 30-40% O 2 concentration. The variation of etch rates as a function of Cl 2 concentration is shown in Fig. 2 . The etch rates of the PZT and TiO 2 films show little change up to 30% Cl 2 concentration. However, at Cl 2 concentrations exceeding 40%, the etch rates simultaneously begin to increase, while the PZT/TiO 2 etch selectivity rapidly drops from five to one. It is thought that the increase in the PZT and TiO 2 etch rates at Cl 2 concentrations above 40% results from the increase of the formation of chlorine-containing compounds.
The etch profiles of PZT films were observed using scanning electron microscopy ͑SEM͒ by varying a gas concentration in a gas mix. As mentioned previously, the samples were PZT films with both etched Pt films on and TiO 2 masks. Cross-sectional SEM micrographs of etched PZT films are shown in Fig. 3 as a function of O 2 concentration at a constant Cl 2 concentration of 20% in Cl 2 /O 2 /Ar gas mix. For the case of Fig. 3a where 10% O 2 and 20% Cl 2 gas mix was used, TiO 2 masks were etched off and even the top Pt films were attacked laterally as well as vertically due to the low selectivity of PZT films to TiO 2 masks. However, clean sidewall etch profiles without redeposition were obtained for the cases of 20 and 40% O 2 concentrations ͑Fig. 3b and c͒. TiO 2 masks in Fig. 3b and c have not been removed from these films. As the O 2 concentration increases, the sidewall slopes of etched PZT films become steeper. A maximum slope of about 70°is achieved at the etch condition of 40% O 2 and 20% Cl 2 concentrations. As shown in Fig.  1 , the PZT/TiO 2 etch selectivity at this condition exceeded five. Figure 4 shows the etch profiles of PZT films as a function of Cl 2 concentration at 30% O 2 concentration in Cl 2 /O 2 /Ar gas mix. As the Cl 2 concentration increases, the sidewall angles of etched films become shallower. The steepest angle was obtained at 20% Cl 2 concentration, corresponding to the maximum etch selectivity of five ͑see Fig. 2͒ . From the above results, it is noteworthy that the O 2 concentration in the gas mix must be greater than the Cl 2 concentration in order to achieve a steep sidewall as well as high selectivity.
From the experimental results of the etch rate and etch profile for PZT films and TiO 2 masks, it was found that the slow etch rate of TiO 2 masks was a key factor for obtaining both the high etch selectivity of PZT films/TiO 2 masks and the steep sidewall angle of the etched films. XPS analysis for TiO 2 and PZT films etched in Cl 2 /Ar and Cl 2 /O 2 /Ar plasmas was performed to examine the role of O 2 gas and is reported elsewhere. 10 It is apparent from XPS analysis that the O 2 gas in a gas mix plays an important role in preventing TiO 2 from being reduced to Ti 2 O 3 , TiO, and Ti, resulting in slow etch of TiO 2 films. Figure 5 shows the spectra of Pb 4f and Zr 3d peaks of blank PZT film surfaces etched in Cl 2 /Ar and Cl 2 /O 2 /Ar plasmas. The spectra of PZT film etched in Cl 2 /Ar plasma imply that the metallic lead and zirconium as well as the chlorine compounds exist on the etched surface due to the breakage of PbO and ZrO 2 during the etching. However, in Cl 2 /O 2 /Ar plasma, these metal peaks reduce greatly, but the chlorine compounds still appear to exist. It means that PZT films are etched faster in Cl 2 /Ar gas chemistry than in Cl 2 /O 2 /Ar. Although the etch rates of both TiO 2 hard masks and PZT films were decreased by adding an O 2 gas in an etch gas, the high selectivity of PZT films to TiO 2 masks could be obtained because the etch rate of the TiO 2 mask was much lower than that of the PZT film. Figure 6 shows the SEM micrograph of Pt/PZT stack patterned with a submicrometer dimension of 0.7 m, which corresponds to the ferroelectric capacitor of 16 M FeRAM. A high degree of anisotropic etching of Pt/PZT stack structure could be achieved without etch redeposition and residue in Cl 2 /O 2 /Ar gas chemistry by optimizing the etch conditions ͑e.g., the TiO 2 mask thickness, the concentration of gas mix, and the etch parameters, etc.͒.
Conclusions
The PZT film and Pt/PZT stack structure were etched using a TiO 2 hard mask in a high density ICP. The etch behaviors of PZT and TiO 2 films were investigated with Cl 2 /O 2 /Ar gas mix as a function of O 2 and Cl 2 gas concentrations. It was observed that the etch selectivity of the PZT film to the TiO 2 mask was greatly affected by the ratio of O 2 to Cl 2 concentration. It was also found that the steep sidewall angle of etched PZT films resulted from the high PZT/TiO 2 etch selectivity. The XPS study showed that the addition of O 2 gas was critical for increasing the etch selectivity of PZT/TiO 2 films. The high selectivity of PZT/TiO 2 films was obtained at the etch conditions that the O 2 concentration in the gas mix was greater than the Cl 2 concentration. The sidewall angle of the etched films increased with increasing O 2 and decreasing Cl 2 concentrations. The Pt/PZT stack structure with a submicron pattern was etched with the steep sidewall angle of roughly 75°without redeposition or residue at the optimized etch condition.
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